The increasing amount of structural information on protein-protein interactions makes it possible to predict the structure of protein-protein complexes by comparison/alignment of the interacting proteins to the ones in cocrystallized complexes. In the predictions based on structure similarity, the template search is performed by structural alignment of the target interactors with the entire structures or with the interface only of the subunits in cocrystallized complexes. This study investigates the scope of the structural similarity that facilitates the detection of a broad range of templates significantly divergent from the targets. The analysis of the target-template similarity is based on models of protein-protein complexes in a large representative set of heterodimers. The similarity of the biological and crystal packing interfaces, dissimilar interface structural motifs in overall similar structures, interface similarity to the full structure, and local similarity away from the interface were analyzed. The structural similarity at the protein-protein interfaces only was observed in ~25% of target-template pairs with sequence identity <20% and primarily homodimeric templates. For ~50% of the target-template pairs, the similarity at the interface was accompanied by the similarity of the whole structure. However, the structural similarity at the interfaces was still stronger than that of the noninterface parts. The study provides insights into structural and functional diversity of protein-protein complexes, and relative performance of the interface and full structure alignment in docking.
INTRODUCTION
Structural information on protein-protein interactions is important for characterization of biomolecular processes. Experimental approaches to structure determination of proteinprotein complexes can provide the structures of only a fraction of known protein-protein interactions. 1 Thus, computational structural modeling of protein complexes by protein docking procedures [1] [2] [3] [4] [5] is a necessary complement to the experimental techniques. Modeling is also important for understanding the mechanisms of protein interactions.
Since the 80s, predictive modeling of individual protein structures has been increasingly dominated by template-based approaches. Such approaches use experimentally determined protein structures (templates) as the basis for modeling of proteins with unknown structure (targets). Extensive evaluation, including community-wide blind assessments, 6 showed that the template-based predictions, in general, are significantly more accurate and reliable than the ab initio, "first principles," models (although the latter obviously have a natural advantage when the goal is to understand the mechanisms of protein folding).
A similar paradigm shift, from the ab initio to the template-based predictions, in modeling of protein complexes has started only recently, 5, 7 largely due to relatively successful application of the ab initio docking, and the perceived paucity of protein-protein templates (generally, protein complexes are more difficult to crystallize than individual proteins). Despite the progress in the ab initio docking, 2 modeling based on existing structures may potentially provide greater accuracy and reliability. As far as the availability of such structures is concerned, a recent study showed that current PDB already contains suitable templates for almost all known protein-protein interactions, provided the structures of the interacting proteins are determined experimentally or modeled by homology. 8 Still, many such templates may be incorrect, and numerous protein encounters in a crowded cell environment may not be stable enough for crystallization (and detection by other experimental techniques). Thus, in the future, the structural modeling of protein interactions is likely to combine the ab initio and the template-based approaches. 7 The template-based modeling of protein complexes involves target/template relationships based on sequence/structure similarity, [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] with the structure similarity techniques showing a great promise in terms of the availability of templates. 8 In the methods based on the structure similarity, the template search is performed by the structural alignment of the target interactors with the entire structures (full structure alignment, FSA), or the interface only (partial structure alignment, PSA) of the subunits in co-crystallized complexes. There are also multiple types of target/template relationships based on the nature of the structures involved-heterodimers versus homodimers, single-versus multi-domain structures, biological versus crystal packing complexes, and such.
In this article we analyze the spectrum of structural similarity in protein-protein complexes, as it relates to detection of suitable templates for protein docking, and the corresponding performance of the full and partial structural alignment approaches.
METHODS
We used a manually curated set of 372 two-chain bound structures (12 antibody-antigen, 66 enzyme-inhibitor, and 294 other complexes), nonredundant at 30% sequence identity, from the Dockground resource 20 (http://dockground.bioinformatics.ku.edu) as our target set (Table SI in Supporting Information). The template pool consisted of 11,932 two-chain PDB complexes with sequence identity <90% between complexes, or interface fragments extracted from the full structures using 12 Å distance cut-off to define the interface (a detailed description is in our earlier publications 19, 21 ).
Complexes were modeled by spatial rearrangement of separate 3D structures of the target monomers to structurally overlap with the cocrystallized interface fragments (PSA) or full structures (FSA) of the templates. The C α structural alignment of the monomers was performed by TM-align. 22 The alignment quality was assessed by TM-score, 23 which has values ranging from 0 to 1 (the average TM-score of a random structure match is 0.17). The alignment pairs had to satisfy the following criteria: (i) TM-score of at least one alignment >0.4, (ii) at least 50% of the aligned residues for both receptor and ligand ("receptor" and "ligand" are the larger and the smaller proteins in the complex, respectively) should be at the surface, and (iii) at least 40% of the interface residues in both receptor and ligand should be covered by the alignment. Transformation matrices from the alignments were applied to the target receptor and ligand to generate models. Redundant models (TM-scores of both alignments >0.9) were excluded from further consideration. The quality of the resulting models was evaluated in terms of RMSD between interface C α atoms of the predicted and the native ligand structures, with the receptors optimally aligned (i-RMSD). The distance cutoff for the interface residues in i-RMSD calculations was 6 Å. The models were designated as higher-accuracy (i-RMSD <5 Å ) and lower-accuracy (5 Å ≤ i-RMSD <10 Å ) ones, consistent with the previous estimates for meaningful docking predictions 24 and the docking funnel size. 25 Sequence identities between targets and templates were calculated from alignments produced by CLUSTALW. 26, 27 Because models of the complexes are generated by the alignment of C α structures, they may have a number of clashes between the side chains. The surface and the coverage requirements for the models (see above) improve the structural quality of the interface. However, significant number of clashes still remains and could be removed by minimization.
RESULTS AND DISCUSSION
Benchmarking results of the full structure alignment (FSA) and interface/partial structure alignment (PSA) are summarized in Figure 1 . Some target complexes were predicted with either higher or lower accuracy by both full and interface alignments, and some by either interface alignment or full alignment only. Accordingly, our analysis is split into these three categories. The analysis shows the structural factors responsible for either comparable or significantly better performance of each alignment protocol.
Comparable performance of full and interface structure alignments
Both FSA and PSA yielded the best (smallest i-RMSD from the native structure) models with i-RMSD <5 Å-higher-accuracy best (HAB) models-for 130 targets (35% of the dataset) and 103 of those models were ranked 1. For 92 targets, the PSA HAB models have smaller i-RMSD compared to the corresponding FSA HAB models with difference in i-RMSD (Δ i-RMSD) >1 Å for 17 such models. At the same time, only in 19 cases FSA HAB model has a smaller i-RMSD compared to the corresponding PSA HAB model (in four cases Δ i-RMSD >1 Å ). PSA and FSA templates for the HAB models originated from the same X-ray structure for 125 targets. A typical reason for better PSA performance for HAB models is illustrated in Figure 2 , where PSA and FSA alignments between monomers of the target (subtilisin BPN from Bacillus amyloliquefaciens, inhibited by a synthetic protein, chains L and R from 3sic) and the template (subtilisin Carlsberg from Bacillus licheniformis, inhibited by ovomucoid protein from Meleagris gallopavo, chains R and L from 1r0r) are shown. Both subtilisins have similar structures with sequence identity 70% and their FSA and PSA alignments are also similar [ Fig. 2(A,B) ]. The inhibitors, however, are quite dissimilar (sequence identity 12%), with similarity only in the binding loops. Thus, PSA correctly aligns the interface parts of the target and the template [ Fig. 2(D) ] yielding an HAB model with only 0.9 Å i-RMSD. FSA seeks to find the minimal distance between all C α atoms of the target and the template, and the alignment of the interface loops becomes less accurate [ Fig. 2(C) ], with 4.9 Å i-RMSD for the resulting HAB model.
Another reason for better HAB models by PSA is the domain structure of the target and the template monomers, as illustrated in Figure S1 Significantly better performance of interface structure alignment A significant part of targets have the best model built by only one of the protocols (Fig. 1) . The models were built solely by the PSA protocol for 86 targets-13 HAB and 73 LAB models, compared to 15 HAB and 16 LAB models built by FSA only. This indicates frequent occurrence of similar structural motifs at interfaces of protein-protein complexes that otherwise have dissimilar monomer structures. Significant sequence identity (>20%) between the target and the best template was found in just 11 such cases.
For all target/best template pairs with low sequence identity, a similar portion of the interface is quite small. An example is shown in Figure 3 for the PSA model of mice protein signaling complex (1vet) built using an interface fragment between two chains (out of 9 identical chains in the asymmetric unit) of RUVA protein from E. coli (4otc). These fragments consist of 45 and 53 residues in the template monomers, but the common structural motif (two β-strands shown in red in Fig. 3 ) consists of only 6 residues. The shape of these β-strands differ slightly in the target and the template X-ray structures, thus the PSA model has 6.0 Å i-RMSD due to the imprecise tilt of the ligand. The overall structures of the target and the template are so different that FSA did not find any target-template alignments with TM-score >0.4.
Hetero-complexes with local interface similarity and dissimilar global folds of interactors were previously studied in detail by Keskin and Nussinov. 28, 29 Our results indicate that in many cases (58 targets with LAB PSA-only models) interface is also similar between hetero-and homo-dimeric complexes (e.g., the complex shown in Fig. 3 ). These targets and templates are primarily from different organisms (only 7 homo-dimeric templates were from the same species as the hetero-dimeric targets for at least one of the monomers). In eight cases, the interfaces of the homo-dimeric templates exist only in biological units. Figure S2 (Supporting Information) shows the complex of colicin E3 with its immunity protein, where PSA yielded the LAB model (7.3 Å i-RMSD) based on the X-ray structure of colicin E3 homodimer. The biological function of colicin is to kill excess E. coli cells by binding and cleaving the enemy cell DNA. To prevent the host cell suicide, the colicins form complexes with their immunity proteins inhibiting DNA binding site. 30 In either case, colicins do not exist in vivo as homodimers. Thus, the case is an example of a biological complex modeled on a crystal packing interface. Because of structural dissimilarity of the colicin E3 and its immunity protein (19% sequence identity and TM-score <0.2) FSA failed to produce models for this template (FSA also did not find any other template with TM-score >0.4). Because of the absence of clear and unambiguous criteria for distinguishing biological and crystallographic interfaces, we were not able to provide the exact number of such cases.
Significantly better performance of full structure alignment
Best templates for 31 targets (8.3% of the dataset) have structurally dissimilar interfaces, but the non-interface structure is similar enough to produce near-native FSA models (FSA only in Fig. 1 ). Our analysis revealed three categories of such complexes.
In the first group (seven cases), the interface loop(s) connecting the otherwise similar interface β-strands in the target and the template have different lengths. Figure S3 (Supporting Information) shows an example of target 1itb (ligand complex with human interleukin-1beta) and template 1cvs (ligand complex with human fibroblast growth factor 2). Ligands of both the target and the template belong to the cytokine superfamily in SCOP classification and their overall structures are quite similar, albeit with only 15% sequence identity. FSA protocol correctly superimposes ligand structures [ Fig. S3(D) ] yielding an HAB model with 4.8 Å i-RMSD. The main structural difference between the ligands is the length of the interface loop connecting two β-strands that are partially at the interface. This loop is longer, while the interface part of the β-strand is shorter in the target structure. Thus PSA aligns wrong loop and strands parts [ Fig. S3(C) ], generating a significantly less accurate LAB model (7.3 Å i-RMSD).
The second group (eight targets) consists of the complexes with a four-helix bundle motif, where only parts of the helices participate in binding. Figure 4 illustrates such a case for target 1f6f (ligand complex with Ovis aries placental lactogen) and template 1pvh (ligand complex with human leukemia inhibitor factor). Both monomers with α-helical structures Kundrotas 
Proteins. Author manuscript; available in PMC 2016 July 26. belong to the same long-chain cyto-kines SCOP family with the sequence identity between them only 7%. The overall structure of these monomers is very similar, resulting in an HAB FSA model (4.5 Å i-RMSD). PSA, however, aligns the interface parts of the template helices to non-interface parts of the target helices producing an incorrect model (15.0 Å i-RMSD).
In the third group (16 targets), there is a local structural similarity between the target and the template away from the interface. The sequence identities between the target and the template monomers in all such cases were <10%. An example is shown in Figure S4 (Supporting Information) for the target 1v74 (colicin D with its immunity protein) and template 2vhz (colicin E5 with its immunity protein). Despite the biological function similarity of the target and the template, their overall structures, including interfaces, are quite dissimilar. However, the same mutual orientations of noninterface helices and part of a β-strand (arrows in Supporting Information Fig. S4 ) in the target and the template yielded a 5.8 Å i-RMSD FSA model.
CONCLUDING REMARKS
Performance of full and interface structural alignment approaches for modeling proteinprotein complexes was analyzed in terms of structural similarity between targets and templates. Templates for higher-accuracy models often shared global structural similarity with the targets. Both methods perform similarly well in placing the best higher-accuracy models to the top of the predictions pool. However, most of the PSA models are more accurate than the corresponding FSA models-a structural match at the interface has a greater influence on i-RMSD than a match away from the interface.
The sequence identity between at least one target-template pair was <20% for most complexes in the dataset, indicating that the conservation of protein-protein interfaces, detectable by structural alignment, extends beyond simple amino acid similarity, 28, 29 with significant level of conservation observed among remote structural neighbors. 31 Similar structures of one pair of the target and the template monomers and dissimilar structures of the other pair is a common feature in all higher-accuracy PSA models. Thus, if it is known that a protein binds different proteins at a single binding site (e.g., enzyme-inhibitor complexes), the partial structural alignment is a better choice. However, dissimilar interface loops or predominantly helical structure of the target and detected templates make full structural alignment a better modeling alternative. Full alignment also works better if structural similarity is observed for noninter-face regions of the target and the template.
The templates for lower-accuracy models typically share only local structural similarity with the targets. Thus, for remote structure homologs, PSA is the only approach. Similar fragment may consist of only a few interface residues, and cannot be detected by the full structure comparison. Similar protein-protein interfaces often exist in structurally and functionally diverse proteins from distant organisms. Interface structural similarity was observed between hetero-and homo-complexes, including crystal packing complexes. This suggests that conservation of protein-protein interfaces to a significant extent is determined by their geometry rather than simple amino acid conservation. Partial and full structural alignment methods are complementary to each other and their combined use significantly improves the pool of putative templates for protein-protein docking.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Performance of full and partial structural alignments in higher and lower accuracy predictions.
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